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RESULTS AND DISCUSSION

Cellulose Synthase Complexes Interact with the Trails Left by Other Complexes
The organization of fibers in the extracellular matrix is critical for the mechanical support and protection of bacterial, plant, and animal cells. These fibers are typically synthesized by complexes at the plasma membrane, but the mechanisms determining the trajectories of these complexes, and thus fiber alignments, are still unclear [7] [8] [9] [10] [11] .
In plants, cellulose microfibrils are aligned and bundled with other microfibrils in the cell wall to form an interconnected, reticulated network [12, 13] . Micofibrils are generated by cellulose synthase complexes (CSCs) [14, 15] . The trails of nascent cellulose microfibrils are thought to propel the complexes through the plasma membrane, generating streams of CSC particles. Cortical microtubules play a major role in guiding these streams, as CSCs are delivered to, and follow the path of, microtubules [1, 2, 16, 17] .
Approximately 40% of CSCs are observed in the gaps between microtubules [18] , yet exhibit aligned trajectories [19] , raising the question of how they are guided. We refer to these unattached CSCs as autonomous complexes (ACs). It has been proposed ACs are guided by corralling by nearby microtubules [19] . However, ACs continue to display aligned trajectories for hours after removal of microtubules by treatment with oryzalin [1] , showing that corralling of ACs is not needed. It is possible that ACs persist in their trajectories after detaching from microtubules [1] . However, given the lifespan of CSCs has been estimated to be 7 min [20] , this mechanism cannot explain how aligned AC trajectories are maintained for hours. Instead, a microtubule-independent alignment mechanism is implicated. Such a mechanism, based on mobile insertion domains, has been proposed for generating helicoidal arrays during secondary thickening [21] , but the mechanisms involved in growing plant cells remain unclear.
Here, we use live imaging of developing leaf cells to follow AC dynamics. Because of the high density of microtubules, following the behavior of ACs is technically challenging. We therefore sought to introduce wider gaps between microtubules by exposing leaves to various concentrations of oryzalin.
Combined imaging of cellulose synthase and microtubules using GFP-CESA3 [22] and mCherry-TUA5 [16] in growing leaves revealed both microtubule-associated CSCs (MCs) and ACs ( Figure 1A ). Overnight treatment with intermediate concentrations of oryzalin (3.2-6.4 mM) led to large enough gaps between microtubules for both ACs and MCs to be tracked over prolonged periods (Figures 1B-1D; Video S1). These intermediate concentrations did not affect the velocity of CSCs ( Figure 1E ), although higher concentrations have been shown to slow them down [23] . Both plus-end growth rates and minus-end shrink rates of microtubules were reduced approximately fourfold (Figures 1F-1G ). The plus-end shrink rate following catastrophe or severing was approximately halved ( Figure 1H ). These findings are consistent with intermediate concentrations of oryzalin slowing down microtubule dynamics [24] . Oryzalin is thought to act by binding to the alpha subunit of the tubulin dimer to inhibit plus-end growth [25] . However, both minus-end shrink rate and plus-end growth rate are reduced, suggesting that oryzalin interferes with overall microtubule dynamics.
We used intermediate oryzalin treatments to monitor AC behavior. AC lifespan was 8.2 min (SD = 3.5; n = 162), similar to the lifespan reported for CSCs [20] . ACs spontaneously appeared in gaps between microtubules, as previously documented [16, 20] . In about half of the cases (57/106), after their appearance in a gap, ACs moved in a straight line until they disappeared or encountered a microtubule. In the remaining cases, ACs initially moved in a straight line but then changed trajectory while still in the gap (Figure 2A ; Video S1). The turning angle varied from 10 -90 ( Figure 2B ), and the age of the AC at the time of turning also varied ( Figure 2C ). After turning, ACs sometimes turned a second (n = 5) or third time (n = 3). Taken together, these findings indicate that factors extrinsic to ACs, which cannot be microtubules, are guiding them.
A candidate extrinsic factor is the trail left by recently passing ACs (AC-trail). To test this hypothesis, we examined the history of AC trajectories in the vicinity of 55 cases where an AC had shown a sharp turn. In 20 cases (35%), the AC turned to follow an AC-trail it encountered (Figures 2D-2F; Video S1); for 11 of these cases, ACs were redirected by trails running toward them, while 9 followed trails running away. In one of the 20 cases, the AC crossed over an extant trail prior to interaction, indicating that ACs can crossover other AC-trails but at a low frequency. Turns occurred at a mean of 4 min (328 s; SD = 257) after the trail-laying AC had passed ( Figure 2G ). The longest delay since the AC had passed was 19 min. In the remaining 35 cases, the turning AC did not encounter a recorded AC-trail within the period of time-lapse imaging (40 min). It is possible that they encountered AC-trails left before the imaging began. The stability of the AC-trail turning cue (>19 min) is consistent with it being the cellulose microfibril synthesized by the trail-laying AC.
ACs could appear spontaneously along trails left by other ACs (16 appearances were observed along the 55 trails; Figure 2H ). In 11 cases, newly appearing ACs moved along the previous AC-trails in either direction, whereas in the remaining 5 cases, they immediately left the trail (Videos S1 and S2). ACs occasionally disappeared on encounter with previous AC-trails (Video S2). Thus, AC-trails induce a range of behaviors: the turning of encountering ACs to join the trail, spontaneous appearances of new ACs that follow the trail, and disappearances of encountering ACs. Redirection of ACs may be caused by ACs colliding with nascent microfibrils ( Figures 2I-2J ). Axial appearance indicates nascent microfibrils may provide cues that promote insertion of CSCs.
Cellulose Synthase Trajectories Reorient in the Absence of Microtubules and Are Sensitive to Cell Wall Structure
To determine how a population of ACs behaves in the absence of microtubules, seedlings expressing GFP-CESA3 and mCherry-TUA5 were exposed to high concentrations of oryzalin (160 mM; Figure 1D ). Imaging of ACs started after all microtubules had disappeared (1 h; Figures 2K and 2N ). The dominant alignment of AC trajectories persisted for many hours after microtubule removal (17 h; Figures 2L and O) . However, over longer periods, the dominant alignment could change, sometimes shifting from a longitudinal to oblique or transverse (43 h, 5 cells; Figures 2M and 2P) or from oblique/transverse toward longitudinal (n = 5 cells). Thus, ACs can maintain alignments over many hours and also change alignment over longer time periods, most likely through interactions with nascent cellulose microfibrils.
If AC trajectories depend on microfibrils, they might be sensitive to enzymatic degradation of the cell wall. The effect of disrupting wall integrity on microtubule alignments has previously been evaluated using partial degradation with R10 cellulase [26] , which includes both exoglucanases and endoglucanases [27] . Endoglucanase treatments can promote randomized wall architecture in cellulose-xyloglycan composites [28, 29] .
Incubation of growing leaf cells with both R10 cellulase and high concentrations of oryzalin led to cells swelling after 2-3 days. AC trajectories became less aligned, consistent with disruption of cell wall integrity influencing AC guidance (Figure S1; Video S2). However, ACs still exhibited turning (arrows; Figures S1A and S1C), indicating that the cellulase treatment did not completely remove obstructing microfibrils.
It has been suggested that microfibrils can be aligned by binding to scaffold proteins or polysaccharides located in the cell wall matrix [30] . The energy of binding is proposed to rotate nascent microfibrils to align with the scaffold. Our results suggest an alternative alignment mechanism: ACs are oriented by collision with microfibrils in the wall. Disrupting the arrangement of these microfibrils with R10 cellulase would then cause AC trajectories to be less organized.
The effect of R10 cellulase treatment on AC trajectories contrasts with its lack of effect on microtubule organization [26] . Microtubule alignment is, however, sensitive to mutations or drugs that inhibit cellulose synthesis [26] . Taken together with our findings, these results suggest MCs play a role in stabilizing microtubules, whereas feedback from the cell wall operates via ACs, which do not influence microtubule dynamics.
The Autonomous Mechanism Is Overridden by the Microtubule Guidance System
To explore how these two guidance systems interact, we analyzed transitions between ACs and MCs at intermediate oryzalin concentrations. MCs could spontaneously appear either Bar, 2 mm in (A), (D), and (E); 1 mm in (F); 5 mm in (I-K). See also Videos S1and S2; Figure S1 . on bundled microtubules, as previously described in [1] , or on recently born single microtubules (single status was verified by kymographs) (Figures 3A, S2A , and S2B; Video S2). By following 50 MC appearances on single microtubules, we found 33 MCs went toward the microtubule minus end, while the other 17 traveled toward the plus end. MCs moving toward the minus end typically reached the microtubule end and dropped off, causing an MC-to-AC transition ( Figure 3B ; Video S3). The resulting ACs continued with their trajectories for a period but then exhibited turns, similar to that described above for spontaneously appearing ACs ( Figure 3C ; Video S3). Analysis of 50 MCs that dropped off minus ends showed that 23 (46%) displayed a turn, similar to the proportion 49/106 (46%) for spontaneously forming ACs (see above). Thus, when MCs transition to ACs, they behave in a similar way to spontaneously forming ACs.
By contrast, plus-end directed MCs remained associated with microtubules; MC translocation velocity was below that needed to catch up with plus-end growth. Thus, MCs can transition to ACs by exiting the minus ends of microtubules, and the resulting AC can maintain the microtubule trajectory for a limited period.
To follow the opposite transition, we analyzed the fate of ACs after encountering microtubules. Tracking 81 encounters revealed two types of interaction. In half of the cases (41), the AC disappeared upon microtubule encounter ( Figure S3A ; Video S3). In the other half, ACs were redirected along the microtubule to form MCs ( Figure S3B ; Video S3). Redirection could occur with single or bundled microtubules, and accounted for 30% of MCs on single microtubules (22 redirections versus 54 spontaneous MC appearances). The type of AC-microtubule interaction was not dependent on the angle of encounter ( Figure S3C ). Thus, ACs disappear or switch to MCs upon encounter with microtubules-the interaction type may depend on the presence of CSI-1/POM1 bound to them [2, 17] . In three of the 81 encounters, ACs crossed over a different microtubule before the encounter. The failure to interact with the previous microtubule may reflect its deeper location in the cytoplasm [31] .
To determine whether the redirection by microtubules overrides, or is overridden by, the autonomous system, we followed the fate of MCs encountering AC-trails. Tracking 12 of these encounters showed that MCs did not change trajectory or disappear when encountering AC-trails ( Figures 3D, S2C , and S2D; Video S4), suggesting that the affinity of CSCs to microtubules can overcome the barrier created by nascent microfibrils (Figures 3E and 3F) . Thus, the microtubule guidance system takes precedence over the autonomous system.
The dominance of the microtubule guidance system is also consistent with observed reorientation dynamics. Normally, microtubules and CSC trajectories are coaligned and reorient at a similar rate (within 1 h; [1, 22] ; Figure S4A ). In the absence of microtubules, ACs take an order of magnitude longer to reorient (20 h). The difference in timescale suggests that microtubules normally drive reorientation of CSCs. To test this hypothesis, we filmed the behaviors of CSCs and microtubules before and after the addition of oryzalin. As predicted, CSCs stopped exhibiting rapid (hour-timescale) reorientations after microtubules disappeared ( Figure S4B) .
The mechanisms driving reorientations for the microtubule and autonomous systems are unclear. Reorientation behavior may reflect polymer dynamics (e.g., initiation at divergent trajectories and redirection or disappearance upon the encounter with other polymer molecules). The parameters for these interactions likely differ for the two systems, perhaps accounting for their distinct timescales. Computational modeling of reorienting behaviors, along the lines developed for studying cellulose synthase [32, 33] and microtubule dynamics [34, 35] , may help clarify possible mechanisms. Figures S2 and S3 ; Videos S1-S4.
Microtubules Can Indirectly Guide ACs
By guiding MCs, microtubules should promote a corresponding alignment of nascent microfibrils in the cell wall ( Figures 4A and  4B) . These nascent microfibrils will in turn guide ACs, generating more nascent microfibrils that further promote the same alignment ( Figure 4C ). Consistent with this hypothesis, we found that MC trails could cause encountering ACs to turn to follow them (Video S4). Thus, MCs can guide ACs indirectly via nascent microfibril trails.
Such a mechanism would predict that spontaneously arising ACs would tend to follow the dominant alignment of microtubules. To test this hypothesis, we tracked the trajectories of newly emerging ACs in cells treated with intermediate concentrations of oryzalin. Plotting AC trajectories revealed that they aligned with the dominant microtubule orientation ( Figures 4D-4G and S4C-S4F). These findings are thus consistent with microtubules indirectly guiding ACs.
A further prediction of indirect guidance is that ACs may perpetuate microtubule orientations after microtubules have disappeared. To test this prediction, we treated cells with high oryzalin concentrations (160 mM) and imaged microtubules just before they disappeared. All cells (8/8) displayed AC trajectory orientations similar to those of the last microtubule alignment 1 h after microtubule disappearance ( Figures 4H, 4I , S4G, and S4H). Given the CSC turnover rate of approximately 7-8 min ( [20] and our measurements), most of these ACs would not have directly experienced microtubule guidance. The proportion of cells showing AC trajectories similar to the last microtubule alignment decreased to 72% (16/22) and then 33% (6/18) of cells after 18 and 42 h, respectively. None of the 6 cells observed after 62 h displayed alignments matching the last dominant microtubule orientation. Thus, a memory of microtubule orientation is maintained, likely via the template of microfibrils in the cell wall for several hours, and is then gradually lost. Such a memory system may also be involved in maintaining secondary wall patterns during xylem vessels development. Establishing the pattern of secondary wall microfibrils requires microtubules, but the pattern can then be maintained in their absence [36] . It was hypothesized that this maintenance may be because of membrane-based guidance, restriction of Golgi movement, or guidance by cell wall polymers. Our findings are consistent with the latter hypothesis, with microfibrils providing the guidance. Other candidate guidance polymers are xylan and lignin which colocalize with microfibrils [37] . However, rather than maintain organized patterns, xylan and lignin become disorganized when microtubules are removed in a CESA mutant (baculites). Thus, their organization depends on both CESA and microtubules, making it unlikely that they provide an independent guidance system.
Role of Autonomous and Microtubule Guidance Systems
Given the ability of the autonomous system to maintain aligned CSC trajectories, what is the biological role of microtubule guidance? While the autonomous system can maintain CSC alignments, its dependence on prior wall texture may render it difficult to control through developmental or environmental cues. The main role of the dominant microtubule guidance system may therefore be to provide such control by allowing a rapid and flexible mechanism for controlling cellulose microfibrils alignments that is less constrained by prior wall architecture [38] [39] [40] .
The dual guidance behavior we describe is akin to a model for cell wall synthesis in rod-shaped bacteria, where it has been proposed that cell wall synthesis complexes create a tail of peptidoglycan that provide a template to guide other cell wall synthesis complexes [8] . As with the plant cell wall, two guidance mechanisms are at play: one dependent on interaction with nascent wall fibers, the other on the cytoskeleton (actin homolog MreB, playing the equivalent role of microtubules). Having dual guidance may therefore provide a general mechanism to ensure both strong coherence and flexibility of response, allowing effective regulation of the growth and strength of cell walls.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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